The genome of pea enation mosaic virus (PEMV) is composed of two taxonomically unrelated RNAs, interacting to create what has traditionally been considered a bipartite virus. The cohesiveness of this interaction was assessed by examining the autonomy of each RNA in viral replication, coat protein expression and systemic invasion. Using a pea protoplast system, in vitro transcripts of RNA1 were found to be capable of initiating RNA2-independent replication, including the formation of the distinctive nuclear membrane-based replication complex associated with wild-type PEMV infection. Western blotting and electron microscopic analysis demonstrated that the synthesis of the RNA 1-encoded coat protein, as well as virion assembly, was also independent of RNA2-directed functions. Mechanical inoculations with transcripts of RNA 1 failed to establish a systemic RNA 1 infection, whereas inoculations with RNA2 were able to establish a largely asymptomatic systemic infection. Combined inoculum containing RNA1 and RNA2 transcripts were able to recreate wild-type PEMV symptomatology, demonstrating the dependence of RNA 1 on RNA2 for mechanical passage. With the notable exception of the adaptation of PEMV to establish a true systemic invasion, these data further strengthen the analogy between PEMV and the helper-dependent complexes associated with members of the luteovirus group.
Introduction
Traditionally, pea enation mosaic virus (PEMV) has been considered a single virus with a multicomponent genome. However, recent evidence suggests that PEMV may be better characterized as a more stable version of a luteovirus helper-dependent complex (Demler & de Zoeten, 1991 ; Demler et al., 1993; Falk & Duffus, 1981 ; Murant, 1993) . Strong parallels exist between PEMV and the luteoviruses in their symptomatology, cytopathology and use of circulative aphid transmission. The genomic organization of PEMV RNA 1 (5705 nucleotides) also bears a strong similarity to the beet western yellows virus (BWYV) subgroup of luteoviruses. This is particularly apparent in the regions encoding the viral RNA-dependent RNA polymerase, the coat protein, and in the putative aphid transmission subunit (Fig. la) . RNA2 (4253 nucleotides) contains a second polymerase cassette unrelated to that of RNA 1 (Fig. lb) , and instead possessing a closer relationship to the polymerases of members of the tombus-, carmo-, diantho-, necro-and BYDV-PAV luteovirus subgroups. Much like the dependent phases of the luteovirus complexes described to date, this RNA displays replicative autonomy in the absence of the luteovirus helper, although it is dependent on the helper virus for encapsidation and vector transmission (Falk & Duffus, 1981; Murant, 1993) .
The difference between PEMV and the luteovirus helper-dependent complexes is the apparently inseparable nature of RNA 1 and RNA2 in the creation of systemic infection (for a review, see Hull, 1977) . The cohesiveness of the RNA1-RNA2 association suggests various scenarios of intermolecular interaction(s) that functionally link these two viral RNAs into what we have traditionally considered a single infectious entity. To delineate the relative contribution of each RNA in this interaction, it appears relevant first to identify the independent capacities of each viral RNA. In a previous investigation, RNA2 was found to be fully capable of autonomous replication in the absence of RNA1 (Demler et al., 1993) . Here, we will demonstrate that RNA1 is also capable of independent replication in protoplasts, including the development of the characteristic vesicular replication complex associated with PEMV infection, and implicated in phloem-mediated transport. We will also demonstrate that RNA 1 alone is capable of both coat protein synthesis and virion assembly in the absence of RNA 2. The independence of each genomic component in systemic infection will also be re-assessed. 
Methods
Virus isolates and purification. All clones and viral RNAs were developed from the aphid non-transmissible PEMV isolate WSG. PEMV was propagated under greenhouse conditions in Pisum sativum L. cv. 8221. Virus purification and isolation of viral RNA and total plant RNA were performed as described previously (Demler & de Zoeten, 1989 .
Construction q]" RNA1 transcription vectors. All clones utilized during construction were prepared as described previously (Demler & de Zoeten, 1991) . Numbers in parentheses refer to nucleotide positions ofPEMV RNA 1 or RNA2 as defined previously (Demler & de Zoeten, 1991 ; Demler et al., 1993 ; available through the GENEMBL database, accession numbers L04573 and $53233, respectively).
A fulMength, transcriptionally active cDNA clone of PEMV RNA 1 was assembled by the ligation of four cDNA clones and the modification of the 5' and 3' termini using PCR (Fig. 2) . Restriction fragments for ligation were isolated from 2 % NuSieve GTG or 1% SeaPlaque agarose gels (FMC Bioproducts) using standard procedures, and the fidelity of all constructs was confirmed by sequence analysis. Construction of the native 3' terminus of RNA 1 was generated by PCR amplification of the clone pR1-22 (3720 to 5705) using the oligonucleotides 5' dTTGGATCCTGCAGCGATACAATCCCAG 3' and 5' dCAGGTACGGTCTTGTCC 3' (4990 to 5006). The first primer contains a sequence complementary to the final 15 nucleotides of RNA 1 (underlined), preceded by PstI and BamHI restriction sites. Following phenol extraction and ethanol precipitation, the resulting DNA was digested with BglII (5013) and PstI (3' terminus) and ligated into BamHI-and PstI-cleaved pUC19. Following sequence confirmation, this clone was digested with HindIII (a site present in the pUC19 vector polylinker) and BstEII (5376), and reintroduced into comparably digested pRi-22 to form clone pR1-22b. This clone was then digested with NeoI (4162) and PstI (3" terminus) and ligated into similarly digested pRl-10 (2407 to 4201), resulting in a clone, pRl-10b, which encompassed the final 3300 nucleotides of RNA 1.
The 5" terminus was created by PCR amplification of cDNA generated with avian myeloblastosis virus (AMY) reverse transcriptase (Boehringer Mannheim) from the primer 5" dCAATTGGCATT-GAGAAG 3' (616 to 600). The second-strand eDNA primer 5' dGAAGATCTAATACGACTCACTATAGGTGAAATAATTG 3' contains the first 13 nucleotides of the 5' terminus of RNA1 (underlined), preceded by the phage T7 promoter and a Bglll restriction site (the Y-terminal A residue of viral RNA is modified to G in Fig. 2 . Construction of a full-length cDNA clone of PEMV RNA 1 (pPER1) under the transcriptional control of the phage T7 promoter. DNA segments originating from individual clones are indicated by specific line patterns and restrictions sites used in the construction are also given. Linearization ofpPER1 with PstI (3' terminus), followed by Klenow polymerase repair of the 3" overhang and transcription with T7 RNA polymerase led to the production of full-length RNA 1 transcripts containing the native 3' terminus and a single G mismatch at the 5' terminus. Linearization of pPER1 with BstEII (5376) followed by transcription with T7 RNA polymerase was utilized to prepare replicatively inactive transcripts.
transcripts generated from this construction). The resulting DNA was cleaved with BgIII and BamHl (367), ligated into BamHl-digested pUC19, and confirmed by sequence analysis. Nucleotides 367 to 1151 were added to this Y-terminal construct by digesting clone pR1-2 (180 to 1151) with BamHI and HindIII and ligating into the BamHI-HindIII site of the 5' PCR construct, forming R1-2b. The region from the HindIIl site (1151) to the BamHI site at position 2407 was added by digesting pRl-ll2 (978 to 2429) with HindIII (1151 and vector polylinker) and ligating the 1278 nucleotide fragment into pR1-2b, yielding pR1-2c. The final step consisted of digesting pR1-2c to completion with KasI (within the pUC19 vector), followed by partial digestion with BamHI (Bloch & Bartos, 1993) . This gave a 2606 nucleotide fragment which was ligated into pRl-10b digested completely with KasI and BamHI, to give the vector pPER1.
Preparation of RNA2 transcript vectors. The RNA2 transcripts utilized in this study were prepared from clone pPER2d. This is a derivative of the full-length clone pPER2, selected for its ability to display wild-type symptom development when inoculated in combination with RNA 1 transcripts onto pea seedlings (Demler et al., 1993) . It was created by exchanging a NheI KasI fragment (2185 to 4247) of pPER2 with a comparable fragment from clone p2193. Clone p2193 was generated from PEMV-WSG RNA using the reverse transcriptase and T4 DNA polymerase protocol described previously (Demler et al., 1993) . First-strand synthesis was performed using AMV reverse transcriptase (Boehringer Mannheim) utilizing the primer 5' dGGAATTCGGGCGCCAGGGAGGTAACCACC 3' which contains a sequence complementary to the 3'-terminal 22 nucleotides of RNA2 (underlined) preceded by an EcoRI restriction site. Secondstrand synthesis was carried out with T4 DNA polymerase (Boehringer Mannheim) using the primer 5' dCCTCGTGTGATACAGCC 3' (1385 to 1401). The resultant cDNA was digested with BclI (1600) and EeoRI (3' terminus) and ligated into pUC19 digested with BamHI and EcoRI. The sequence of clone pPER2d is available through the GENEMBL database, accession no. U03563.
Preparation of RNA transcripts. The procedure for the production of capped [G(5')ppp(5')G] in vitro transcripts of RNA 1 and RNA2 was identical to that described previously (Demler et al., 1993) . Linearization of the full-length pPER1 clone was performed with PstI, followed by Klenow polymerase repair synthesis to eliminate the 3' terminal overhang. Transcription in vitro with T7 RNA polymerase results in transcripts possessing the native 3' terminus RNA 1 and a 5' capped terminus containing a single G mismatch. A replicatively inactive transcript was prepared by linearizing pPER1 with BstEI1 (5376), creating a transcript lacking 331 nucleotides at the 3' terminus. Full-length transcripts of RNA2 were prepared by linearization of the clone pPER2d with SmaI, followed by T7 RNA polymerase transcription (Demler et aL, 1993) . Replicatively inactive transcripts of RNA2 were prepared by linearizing plasmid pPER2d with EagI (4025) followed by T7 RNA polymerase transcription, effectively removing the 227 nucleotides at the 3' terminus. Transcripts were evaluated for integrity and concentration by comparison with known amounts of PEMV viral RNAs using agarose gel electrophoresis.
Infectivity studies. Protoplasts of P. sativum L. cv. 8221 were prepared and inoculated with RNA transcripts or viral RNAs as described previously (Demler et al., 1993) . Seedlings of P. sativum L. cv. 8221 were dusted with carborundum and mechanically inoculated with 5 to 10 lag samples of viral RNAs or in vitro transcripts at a concentration of 0.5 gg/lal in 10 mM-Tris-HCl pH 8"0 and 1 mM-EDTA containing 2 % bentonite. Total RNA from protoplasts and inoculated seedlings was isolated as described by Demler et al. (1993) .
Preparation of digoxigenin-and biotin-labelled RNA probes.
RNA probes specific for the positive-sense strand of RNA 1 were prepared by subcloning the HindIII (1151 ~PstI (5705) fragment of pPERI into the dual transcription vector pT7T3-18U (Pharmacia). RNA transcripts labelled with digoxigenin (DIG)-I 1-UTP (Boehringer Mannheim) or biotin-ll-UTP (Enzo) were prepared from 1 lag aliquots of HindlIIlinearized vector using T7 RNA polymerase (Promega) as described by the manufacturers. The construction of a PEMV RNA 2 probe specific for the positive-sense strand has been described previously (Demler et al., 1993) . Labelling of RNA2-specific transcripts with DIG-11-UTP was carried out with 1 lag of EcoRI-linearized vector using T3 RNA polymerase (Boehringer Mannheim).
Northern blot analysis. Samples (1 to 2 lag) of total protoplast or plant RNAs were analysed on 1% non-denaturing agarose gels in 0.5 x TAE buffer (20 mM-Tri~acetate, 10 mM-sodium acetate, 0-5 mM-EDTA pH 7"8) and then electroblotted onto nylon membranes (MSI) also in 0.5 x TAE. Hybridization and chemiluminescent detection of DIG-11-UTP-labelled RNA-RNA hybrids were performed using the Boehringer Mannheim Genius system with Lumi-Phos 530 as described by the manufacturer.
Western blot analysis of infected protoplasts. Aliquots of 2 x 105 pea protoplasts were prepared and inoculated with transcripts, viral RNA or buffer (mock inoculation) using the methodology described in Demler et al. (1993) . Following a 24 h incubation, protoplasts were concentrated by centrifugation at 2000 r.p.m, for 2 min in a microcentrifuge. The supernatant was removed, and the pellet resuspended in 100 lal of 2 x loading buffer (Laemmli, 1970) , followed by heating for 5 min at 95 °C. Aliquots (20 gl) were separated on discontinuous SDS-polyacrylamide gels (4% stacking gel, 12% separating gel) and blotted onto nitrocellulose membranes (MS1). They were analysed by Western blotting using rabbit anti-PEMV antisera (1:500 dilution) in a double antibody sandwich with goat anti-rabbit alkaline phosphatase conjugate (1:3000 dilution; Sigma; Sambrook et at., 1989) .
Electron microscopy. Samples of plant tissues were prepared for electron microscope (EM) analysis by dicing and fixing in 2 0 % paraformaldehyde, 1.0 % glutaraldehyde and 0'1 M-sucrose in 50 raM- phosphate buffer at pH 7.2, followed by vacuum infiltration for 2 h at room temperature. Tissue fragments were washed three times for 10min in 0-1 M-phosphate buffer pH 7-2 containing 0.5 M-sucrose, followed by post-fixation for 2 h in a solution of 1% osmium tetroxide, 50 mM-sucrose in 0.1 M-phosphate buffer pH 7.2. The protocol for fixation and preparation of pea protoplasts for EM examination was identical to that described by Demler et al. (1993) . Following post-fixation, samples were dehydrated in a graded series of ethanol-water mixtures, up to 70 % ethanol and stained in saturated uranyl acetate in 70 % ethanol. The specimens were then dehydrated to 100% ethanol, and embedded in L.R. White resin (Polyscience). Sections were prepared with a Reichert microtome, and supported on 300-mesh nickel grids coated with a collodion film. The sections were stained with uranyl acetate and lead citrate, and examined in a JEOL-100CX electron microscope. Immunogold labelling and in situ hybridization studies were performed as described by Reinke & de Zoeten (1991) . The specificity of immunolabelling was evaluated by comparing labelling profiles generated with rabbit anti-PEMV sera and rabbit pre-immune sera (both used at dilutions of 1:500) on samples consisting of mockinoculated, transcript-inoculated or viral RNA-inoculated protoplasts prepared as described above. Gold decoration of bound antibodies was accomplished using a 1 : 50 dilution of Protein A labelled with 15 nm gold particles (EY Laboratories). In situ hybridization was carried out on sections supported by collodion-coated nickel grids using streptavidin gold (15 nm gold particles; EY Laboratories) to detect biotin-containing RNA-RNA hybrids. The specificity of in situ hybridization was evaluated by comparing labelling profiles of mockinoculated samples with transcript-or viral RNA-inoculated protoplasts.
Results

Assessment of RNA 1 replicative competence
To investigate the replicative competence of RNA 1, we inoculated protoplasts of P. sativum with in vitro fulllength and truncated transcripts of RNA 1 synthesized under the control of the phage T7 promoter (Fig. 2) . Fig  3(a) displays Northern blot analysis of total RNA isolated from pea protoplasts hybridized with an RNA 1-specific probe, and Fig. 3 (b) demonstrates a duplicate blot hybridized with an RNA2-specific probe. Lane 3 verifies the absence of PEMV RNA contamination in mock-inoculated protoplast source plants. Lane 8 represents RNA isolated from protoplasts inoculated with viral RNA isolated from purified virions and confirms the infective competence of the protoplast system. Lane 7 shows RNA isolated after inoculation with RNA 1 and RNA2 transcripts, confirming the replicative competence of an equimolar RNA1-RNA2 transcript combination relative to wild-type viral RNAs. Lane 6 confirms our earlier report of the replicative competence of full-length RNA 2 transcripts in the absence of RNA 1. Lane 5 shows the result of inoculation with full-length RNA 1 transcripts synthesized from pPER1. There are two bands evident in this lane. The upper band corresponds to a species comigrating with full-length RNA 1, confirming the autonomous replication of RNA 1 in the absence of RNA2. The second band, with an estimated size of approximately 1800 nucleotides, closely parallels the putative subgenomic RNA identified in previous studies of PEMV infection (Demler & de Zoeten, 1991) .
To confirm that the positive signals generated were not due to the survival of input inoculum, two sets of controls were performed. Lane 1 consists of total RNA isolated from protoplasts immediately after inoculation with full-length RNA 1 transcripts. The amplification of signal intensity in lane 5, relative to lane 1, confirms the de novo generation of the full-length RNA 1 and of its subgenomic RNA. Lane 2 represents a protoplast RNA sample also isolated immediately after inoculation with a replicatively inactive RNA 1 transcript, lacking the 3'-terminal 331 nucleotides. Lane 4 shows RNA isolated from an aliquot of this same sample, but following the normal 24 h incubation period. The absence of a signal in lane 4 verifies that the positive signals generated in this assay are not due to residual inoculum. As shown previously for RNA2, RNA 1 appears to be competent for the replication of full-length progeny RNA, as well as the generation of subgenomic mRNAs.
Electron microscopy
One of the indicative cytopathic characteristics associated with PEMV infection is the presence of doublemembrane-bound vesicular structures forming the replication complex of PEMV (de Zoeten et al., 1972; de Zoeten et al., 1976; de Zoeten & Gaard, 1983) . These vesicles originate within the perinuclear space, and bud off from the outer membrane into the cytoplasmic compartment, leading to the arrays evident throughout the cytoplasm of infected cells and in the phloem. As described in our previous analysis of RNA2, protoplasts inoculated with transcripts of RNA2 were again devoid of this unique cytopathology. In sharp contrast, nearly all protoplasts inoculated with RNA1 transcripts alone displayed evidence of this characteristic vesiculation (Fig. 4b) . This vesiculation was also evident in protoplasts inoculated with viral RNAs (Fig. 4a) or with transcripts of RNA 1 and RNA2 (Fig. 4d) . Thus, the generation of the replication complex of PEMV appears to be a RNA 1-directed function. It is unclear at this time whether RNA2 is associated in some way with this complex in mixed infections.
Expression of RNA 1-encoded structural proteins
Sequence analysis has demonstrated that the coat protein monomer of PEMV is encoded by the penultimate reading frame of RNA 1. There is no evidence of RNA2-encoded structural proteins or of an RNA2-specific virion ( Fig. 1 ; Demler & de Zoeten, 1991 ; 1993). There is, however, a short region of sequence homology between RNA1 and R N A 2 upstream of the RNA1 coat protein sequence and the open reading frame (ORF) cluster of RNA-2 that encodes 26K or 27K proteins. This occurrence might suggest some level of trans interaction in the expression of these reading frames. The combined application of Northern and Western blotting and EM analysis suggests that RNA 1 is competent for the expression of coat protein and virion assembly in the absence of RNA2. Fig. 3 gives clear evidence of the putative 1800 nucleotide subgenomic RNA in RNA 1-inoculated protoplasts, suggesting that R N A 2 is dispensable for synthesis of this subgenomic RNA species. Western blot analysis (Fig. 5) provides added confirmation that coat protein synthesis is RNA 2-independent. Mock-inoculated (lane 5) and RNA2-inoculated (lane 3) protoplasts displayed no evidence of the presence of viral coat protein, although there was weak recognition of a host 50K protein in all protoplast samples analysed. In contrast, protoplasts inoculated with RNA 1 (lane 4), transcripts of RNA 1 and RNA 2 (lane 2) or viral RNA (lane 1) all displayed evidence of coat protein synthesis. Further signs of coat protein synthesis, and more specifically of virion assembly, was evident in EM analysis of infected protoplasts (Fig. 4 c and Fig. 6 a to c) . In protoplasts inoculated with RNA 1 alone, there was occasional evidence of large cytoplasmic crystalline aggregates resembling PEMV virions.
Immunogold labelling of these cells with rabbit anti-PEMV antisera clearly demonstrated a concentration of label over these crystals (Fig. 6b ) relative to labelling with pre-immune serum and to mock-and RNA2-inoculated control protoplasts (data not shown). In situ hybridization studies using a biotinylated probe specific for RNA 1 also displayed a concentration of label over these arrays, confirming the presence of RNA 1 (Fig. 6 c) . Combined, these data provide unequivocal evidence that these crystals are composed of intact PEMV virions, and confirm that RNA1 is independently capable of the synthesis of coat protein as well as the assembly of PEMV virions. In cells infected with transcripts of RNA 1, RNA 1 and R N A 2 transcripts in combination, or with virion RNAs, the immunolabel was concentrated within the nuclear compartment, and particularly in the vicinity of the nucleolus. This is consistent with observations made on other members of the luteovirus group ( Fig. 4c ; Esau & Hoefert, 1972; Gill & Chong, 1976; Shepardson et al., 1980) . It is interesting to note that the occurrence of the large crystalline virion aggregates was confined to cells supporting only RNA 1 ; the presence of R N A 2 appeared to suppress the occurrence of this cytopathic structure. The reason why crystal formation occurs in the presence of RNA1 alone is unclear, although irregularities in the icosahedral structure of virions containing RNA2 may inhibit the assembly of virions into these highly structured aggregates (Gibbs et al., 1966; Hull & Lane, 1973; S. A. Demler & G. A. de Zoeten, unpublished results) . Despite this anomaly, these data suggest that RNA2-encoded proteins are not involved in coat protein synthesis or virion assembly.
Analysis o f systemic infectivity'
The leguminous host P. sativum L. cv. 8221 was used to assess the infective competence of in vitro transcripts of the two PEMV RNAs. Plants were examined for symptom development up to 30 days following inoculation, and total cellular RNAs were analysed by Northern blotting to assess progeny RNA levels and to detect potential subliminal infections (Fig. 7) . Plants inoculated with the R N A 1 -R N A 2 transcript combination produced typical PEMV symptoms, as compared to positive controls inoculated with viral RNAs. Seedlings inoculated prior to the unfolding of the first true leaves began to express symptoms 5 days after inoculation, manifested by a downward curling of the uppermost leaves. This was followed (7 to 10 days postinoculation) by a marked vein-clearing, and the initial development of the yellow mosaic pattern characteristic of PEMV infection. From 7 to 14 days following inoculation, the aerial portions of the plant became stunted, epinastic and rugose, with continued amplification of foliar symptoms. The first evidence of enation formation occurred 20 days after inoculation, forming along the leaf veins on the lower surface of symptomatic leaves. Seedlings inoculated with the RNA 1-RNA2 in vitro transcripts were equivalent in both the timing and severity of symptom expression relative to seedlings infected with wild-type viral RNAs. Fig. 7 (a) depicts a Northern blot of total cellular RNA isolated from pea seedlings at 7 days post-inoculation, hybridized with a probe specific for the positive-sense strand of R N A 1. Fig. 7 (b) demonstrates a duplicate blot hybridized with a probe specific to RNA2. Lane 1 confirms the uninfected status of the host source. Lane 8 shows that the RNA 1-RNA2 transcript combination is fully competent in establishing a PEMV systemic infection by mechanical transmission, with progeny RNA levels comparable to that induced with wild-type viral RNAs (lane 9). This is in agreement with the similarities in symptom expression noted above.
Seedlings inoculated with transcripts of RNA 1 failed to exhibit distinctive symptomatology relative to mockinoculated controls. In Northern blot analysis, tissue sampled from above the inoculated leaves displayed no evidence of the induction of systemic invasion by RNA 1 following mechanical inoculation (lane 4). Comparable samples examined up to 1 month after inoculation likewise failed to display evidence of the systemic invasiveness of RNA 1 infection when introduced by mechanical inoculation (data not shown). Composite samples of leaves inoculated with full-length RNA1 transcripts displayed very limited evidence of replication at 7 days post-infection (lane 2), and comparable samples inoculated with a replicatively inactive transcript failed to display any evidence (lane 3). Thus, although replicatively competent in protoplasts, mechanically inoculated RNA 1 transcripts appear to be incapable of systemic invasion beyond the inoculated leaves. These results are consistent with the mechanical non-transmission of R N A 1 reported previously by Hull & Lane (1973) , and is also consistent with the proposed luteovirus-like nature of R N A 1.
In contrast to RNA 1, seedlings inoculated with RNA 2 transcripts derived from clone pPER2d demonstrated sustained replication within the inoculated leaf (lane 6) relative to a replicatively inactive control transcript (lane 5). More significantly, seedlings inoculated with these transcripts also demonstrated the expansion of infection beyond the inoculated leaves (lane 6 compared with 7). This occurred with only a slight reduction in the concentration of R N A 2 relative to that induced with wild-type viral RNAs (lane 9) and with the RNA 1-R N A 2 transcript combination (lane 8). Pea seedlings inoculated with RNA 2 transcripts were largely symptomless for up to 2 weeks following inoculation, with no conclusive evidence of foliar symptoms, growth abnormalities or stunting. From 14 to 28 days postinoculation, some plants developed a mild mottling on upper leaves, while other leaves displayed a chlorotic yellowing and mosaic pattern at the leaf margins which later developed into leaf tip necrosis.
As in our previous study of RNA 2 replication (Demler et al., 1993) , EM comparisons of RNA2-and mockinoculated protoplasts failed to uncover evidence of a distinctive cytopathological structure, and likewise presented no evidence of an RNA 2-specific virion. Although vesiculation was evident in these cells, it was not specific to the presence of RNA2, and probably reflects cell wall and membrane repair processes. In contrast, tissue samples prepared from the yellow and green regions of pea leaves displaying the RNA2-specific mosaic pattern at 21 days post-inoculation showed a clear proliferation of membrane structures relative to mock-inoculated controls ( Fig. 4e and f) . One aspect of this proliferation was the presence of elongated and highly branched endoplasmic reticula (ER; Fig. 4e ), often displaying separation of the cisternae. The proliferation of the ER is similar to that described in tobacco necrosis virus infections (Francki et al., 1985) . PEMV RNA2-infected tissues also displayed extensive networks of singlemembrane vesicles (Fig. 4f) , distinct from those evident in RNAl-inoculated protoplasts (Fig. 4b) . Although tonoplast-associated vesicles are a characteristic feature of several of the dependent components of the luteovirus complexes (Falk & Duffus, 1981) , we found no evidence of similar structures in these tissues. There was again no evidence of a virion specific to RNA2 infection, which is consistent with the protoplast analyses discussed above.
Discussion
In previous sequence analyses of the genomic RNAs of PEMV, we established that PEMV has many properties indicative of a chimeric virus. One component (RNA 1) possesses a taxonomic linkage to the luteovirus group, while the second component (RNA2) is more closely affiliated with viruses related to the tombus-and carmovirus groups. Despite this taxonomic dissimilarity, there appears to be a bond between these two RNAs, forming what has been considered on a historical and practical basis a single, multicomponent virus. This study began to assess the nature and strength of the association by addressing the dependence and independence of each RNA in functions relating to replication, encapsidation and systemic invasion.
Through the inoculation of pea protoplasts with infectious transcripts of RNA 1, we have been able to augment previous studies of RNA2 by demonstrating that RNA 1, like RNA 2, is fully capable of directing its own replication in the absence of its counterpart. Thus, the genome of PEMV consists of two taxonomically distinct and, more significantly, replicatively autonomous viral RNAs. In addition to the replicative autonomy of RNA1, we have also been able to demonstrate that the formation of the vesicular replication complex characteristic of PEMV infection is under the sole direction of RNA 1. We have previously noted the similarities of these structures to the cytopathology of the BWYV subgroup of luteoviruses, and it thus appears that the association of viral replication with the nuclear envelope may be a common feature of this group of viruses (Esau & Hoefert, 1972; Gill & Chong, 1976; Shepardson et al., 1980) . Although the formation of these vesicles is clearly associated with RNA 1, we cannot as yet discount the involvement of RNA2-encoded products, or the replication of RNA2 itself, with these structures.
As a result of previous sequence analyses, we formulated hypotheses concerning a possible RNA1-RNA2 linkage at the level of replication. In studies of the luteovirus relatives of PEMV RNA 1, there has been speculation that the 17K to 19K protein encoded within the coat protein ORF plays a role in replication, possibly representing the viral genome-linked protein common to these viruses (Miller et al., 1988; van der Wilk et al., 1989; Tacke et al., 1991) . The absence of this ORF in PEMV RNA 1 led to the hypothesis that this protein may be encoded by RNA2, and thus represent one level of replicative linkage between the two RNAs. The demonstration of RNA2-independent replication by RNA1 suggests that the presence of such a protein encoded by RNA2 is unnecessary. This result is also supported by recent mutagenesis studies, which demonstrated that the 19.5K protein encoded within the BWYV coat protein ORF was not essential for replication (Reutenauer et al., 1993) . A second observation suggesting a possible replicative linkage between RNA1 and RNA2 involved the occurrence of conserved 40 nucleotide blocks preceding the coat protein ORF of RNA1 and the 26K and 27K protein-encoding ORFs of RNA 2. In light of the absence of sequence homology between RNA1 and RNA2, the location of this conserved sequence presented the possibility of intermolecular activation of one RNA on its counterpart in the expression of internal silent reading frames. Through EM and serological analysis we were able to establish that the expression of the coat protein of PEMV is solely under the control of RNA 1. We cannot at this time rule out the direct involvement of RNA 1 on the expression of one or both of the 26K and 27K proteins of RNA2, although the demonstration of independent infectivity by RNA2 would argue against such an occurrence.
Despite the apparent cohesion between RNA 1 and RNA2, the demonstration that RNA2 is capable of initiating an independent, systemic infection suggests for the first time a level of autonomy between the two RNAs on the whole-plant level. The demonstration of an RNA2-independent infection induced by transcripts generated from plasmid pPER2d represents a contradiction to our previous study in which we were unable to detect systemic invasion of RNA2 (derived from pPER2 transcripts), when inoculated individually (Demler et al., 1993) . A recurrent observation during sequence analysis of RNA2 has been a high degree of heterogeneity within the 3'-terminal 1-5 kb, often correlated with reductions in symptom severity and systemic spread induced by the RNA 1-RNA2 transcript combination. The selection of the transcript vector used in this study (pPER2d) was based on its superior capacity to elicit wild-type symptoms when combined with RNA1 transcripts. Through a series of exchanges between pPER2d and its predecessor pPER2, we have found that four nucleotide changes are sufficient to restore wild-type infectivity to the transcripts of the pPER2 clone. In clone pPER2d, there were two nucleotide changes at the -6 and -10 positions (both T to A replacements) relative to the initiation codon of the 25K protein-encoding sequence. These modifications create an alternative AUG initiation codon, potentially extending the 25K protein-encoding ORF six codons in the Y-terminal direction (increasing the M r to 26K). This clone contains two additional single nucleotide changes at positions 2593 (C to T) and 2644 (C deletion), each of which lies within the duplicated sequence blocks of the intergenic region. We are currently evaluating whether these alterations have a functional effect on the 26K protein, or whether they influence the transcription or translation of either or both of the ORFs encoding the 26K and 27K proteins.
We have previously noted the similarity between PEMV and the helper-dependent complexes of the luteovirus group. The demonstration of systemic infectivity by RNA2, coupled with the failure to transmit RNA 1 mechanically, further supports this contention. Expanding on this comparison, PEMV also displays the intensified symptom induction and enhanced virus titres associated with these complexes, relative to individual luteovirus infections. The critical details that will further improve this analogy involve two elements of the RNAlquteovirus relationship. The first centres on whether aphid transmission is controlled completely by RNA1, or whether RNA2 also plays a role in the expression (and repression) of this function. The second point is whether we can establish an independent RNA 1 infection in plants, and whether this infection displays the phloem limitation that is characteristic of the luteoviruses. It is the ability (or inability) to demonstrate the complete separation of the two PEMV genomic components that will differentiate between PEMV as a quasi-bipartite virus versus a true helper-dependent luteovirus complex.
In the comparison of PEMV with the luteovirus helper-dependent complexes, it is apparent that the selective advantage PEMV has is the capacity for mechanical transmission of both phases of the complex, coupled with the ability to expand systemic invasion beyond the phloem. These two traits are not common attributes of helper-dependent complexes, although there has been a report of limited mechanical transmission of the lettuce speckles BWYV complex (Falk et al., 1979) . It remains an important epidemiological problem to assess the occurrence and distribution of viruses with genomes like RNA2 of PEMV that have the ability to enhance the pathogenicity and transmission of members of an already devastating virus group. It also follows that such luteovirus-enhancing viruses may present opportunities, as well as complications, for the development of control strategies against viruses belonging to these groups.
